A novel gene, FSY1, encoding a permease involved in active fructose uptake by a proton symport mechanism in the type strain of Saccharomyces carlsbergensis has been isolated. Fsy1p is only distantly related to the Hxt proteins that mediate facilitated diffusion of glucose and fructose in Saccharomyces cerevisiae and related species.
Hexose transport in Saccharomyces cerevisiae has been intensively studied at the molecular level over the last decade (2, 6, 11, 16) . The facilitated diffusion transport system seems to be based on a large number of permeases (possibly 17), the so-called Hxt proteins (8, 16) . Deletion of HXT1 to -7 (11) and the GAL2 gene, which encodes the galactose permease, leads to the virtual incapacity of the yeast to grow on glucose.
All Hxt proteins studied so far mediate facilitated diffusion of glucose and fructose. S. cerevisiae differs from other yeasts, which may exhibit, in addition to diffusion of glucose and fructose, proton symport systems for glucose and/or fructose (10, 15) . However, previous work in our laboratory has shown that both Saccharomyces bayanus and Saccharomyces pastorianus (carlsbergensis), forming together with S. cerevisiae and Saccharomyces paradoxus the so-called Saccharomyces sensu stricto group, display fructose/H ϩ symport activities (1, 13) . When further investigated, fructose/H ϩ symport was found to coexist with the well-characterized facilitated diffusion system for glucose and fructose, present in all members of the same Saccharomyces complex. The characterization of active fructose transport in S. pastorianus PYCC 4457 revealed that it mediates high-affinity fructose transport (K m , ϳ0.2 mM) and that it does not accept D-glucose as a substrate. Besides Dfructose, only L-sorbose seems to be a substrate of the same carrier (1, 12) , though the yeast is unable to metabolize this sugar.
To characterize the molecular composition of the active transport system for fructose, we set out to isolate the gene encoding the fructose/H ϩ transporter protein in S. pastorianus PYCC 4457, the type strain of S. carlsbergensis. Our strategy consisted of isolating the genes involved in active fructose transport by functional complementation of the absence of growth on fructose of an S. cerevisiae strain (RE800A) devoid of both the Hxt transporters 1 to 7 (11) and the galactose permease encoded by the GAL2 gene.
S. pastorianus genomic library. A genomic library of S. pastorianus PYCC 4457 was constructed as follows. Genomic DNA of strain PYCC 4457 was partially digested with Sau3A, and the resulting DNA fragments were separated in 10 to 40% (wt/vol) discontinuous sucrose gradients. Fractions containing fragments in the ranges of 3.5 to 5 and 6 to 10 kb were pooled and used in separate ligations. The yeast shuttle vector YEplac195 (3) was digested with BamHI, dephosphorylated, and ligated to the purified genomic DNA fragments. Escherichia coli XL-GOLD supercompetent cells (Stratagene) were transformed by the ligations and plated onto Luria-Bertani medium supplemented with X-Gal (5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside) (40 g/ml) and IPTG (isopropyl-␤-D-thiogalactopyranoside) (40 g/ml), yielding approximately 30,000 colonies, 90% of which were white. Restriction analysis of plasmid DNAs isolated from 12 white colonies revealed an insert length range of 3.5 to 8 kb. Library transformants were washed from the plates with Luria-Bertani medium, glycerol stocks were prepared, and the remaining cell suspension was left to grow for two generations. The cells were then harvested, and plasmid DNA was isolated.
Screening of the library. We selected a spontaneous ura3 mutant of S. cerevisiae RE800A on medium containing 5-fluoroorotic acid to use it as a receptor strain for library screening. This auxotrophic strain was designated PYCC 5623.
Strain PYCC 5623 was transformed with library plasmid DNA by using the lithium acetate method (4). The transformation mixture was first plated onto solidified yeast nitrogen base (YNB) medium with 2% (wt/vol) maltose as the sole carbon source. After 5 days of incubation at 30°C, approximately 10,000 transformants were obtained. These colonies were then replica plated onto YNB medium containing 0.5% (wt/vol) fructose as the sole carbon source. After 5 days of incubation at 30°C, 15 colonies appeared on fructose plates (FRU ϩ ) and were further characterized. All FRU ϩ transformants were able to grow on YNB medium with either 0.5% (wt/vol) fructose or 0.5% (wt/vol) glucose as the sole carbon source. For five of the transformants, it could be readily shown that growth on fructose was dependent on the presence of a library plasmid. Each of these transformants was grown on YNB medium with 0.5% (wt/vol) fructose until an optical density at 640 nm of 0.5 was reached and tested for the presence of fructose/H ϩ symport activity. Symport activity was assessed by the proton influx elicited by the addition of fructose to an aqueous cell suspension (15) . Only one of the transformants (T5) exhibited very strong sugar-proton symport activity when either fructose or sorbose was used as the substrate. Two different plasmids, pT5 I and pT5 II, were rescued after transformation of E. coli SURE competent cells with total DNA isolated from transformant T5. The results obtained upon transformation of strains PYCC 5623 (hxt-null ura3) and CEN.PK113-5D (wild type with respect to hexose transport) with these plasmids are summarized in Table 1 . Surprisingly, both plasmids were able to complement the growth defect on fructose of the hxt-null strain. However, only transformants of both strains carrying the single plasmid pT5 II displayed fructose/H ϩ symport activity (Fig. 1) . In addition, transformants of strain PYCC 5623 carrying plasmid pT5 II were unable to grow on glucose, which agrees with the previous observation that glucose is not a substrate of the active fructose transport system (1, 12) . Thus, we concluded that plasmid pT5 II is likely to carry a gene involved in fructose/H ϩ symport in S. pastorianus PYCC 4457. As mentioned before, transformants carrying plasmid pT5 I lacked fructose/H ϩ symport activity, irrespective of the receptor strain. Partial sequencing of the insert in plasmid pT5 I indicated that it carries the homolog, in S. pastorianus, of GAL2 from S. cerevisiae (ϳ80% homology). This finding is corroborated by the fact that PYCC 5623/pT5 I transformants grow well on galactose, unlike PYCC 5623/pT5 II transformants. Apparently, the putative galactose permease from S. pastorianus is, similarly to S. cerevisiae Gal2p (7), able to support growth on glucose and fructose media (Table 1) . This finding also explains the ability to grow on glucose of library transformant T5 containing pT5 I and pT5 II.
In one of the PYCC 5623/pT5 II transformants, designated PYCC 5624, initial D- The FSY1 gene. Plasmid pT5 II carries an insert of approximately 4 kb, of which a 2.2-kb region on both DNA strands was sequenced using an ALF express automated sequencer apparatus (Amersham Pharmacia Biotech) and 5Ј-Cy5-labeled sequence-specific primers. This region was found to contain an open reading frame of 570 amino acids, which we designated FSY1 (stands for fructose symport). Fsy1p contains two signature sequences (amino acids 199 to 224 and 402 to 417) characteristic of sugar transporters (the PredictProtein server, http://dodo.cpmc.columbia.edu/predictprotein/). It is predicted to have 12 membrane-spanning domains, with both ends of the protein residing in the cytoplasm (14) . No significant homology was found between the FSY1 gene and DNA sequences present in public databases. However, searches using the Fsy1p complete amino acid sequence revealed a low, though significant, level of homology with transporter proteins belonging to the major facilitator superfamily (9) . The GalP protein (galactose/H ϩ symporter) from E. coli exhibits the highest homology with Fsy1p (30% identity, 464 aligned residues). This novel permease seems to be only distantly related to the Hxt proteins responsible for facilitated diffusion of glucose and fructose in S. cerevisiae (Fig. 3) .
Fsy1p is, to our knowledge, the first specific permease to be identified in yeast that mediates the active transport of fructose but does not accept glucose as a substrate. Information about regions of hexose carriers that determine substrate specificity is scarce, although aromatic residues within transmembrane region 10 seem to be important (5) . Interestingly, Fsy1p shares some features of transmembrane domain 10 with the Hxt proteins (where the positions corresponding to Tyr461 and to Trp466 in Fsy1p are also invariably occupied by aromatic residues). However, the region surrounding Phe431 in Hxt2p, which seems to be crucial for glucose recognition by this carrier, is considerably different in Fsy1p. Further characterization of the active fructose transport system in S. pastorianus (carlsbergensis) will address the specificity of Fsy1p, as well as the regulation of symport activity by substrate concentration. Nucleotide sequence accession number. The DNA sequence of the FSY1 open reading frame can be retrieved from the EMBL database under accession no. AJ250992.
